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Introduction
The co-morbidity between metabolic and psychiatric disorders is well-established, but the mechanisms are poorly understood. It is particularly interesting the high co-occurrence of several psychiatric conditions with insulin resistance [1] [2] [3] . Insulin receptors are expressed throughout the brain 4 , in areas such as the ventral tegmental area (VTA), prefrontal cortex (PFC) 5, 6 and hippocampus 7, 8 . Insulin is actively transported across the blood-brain barrier 9 . Insulin action on its mesocorticolimbic receptors modulates synaptic plasticity in dopaminergic neurons, affecting DA-related behaviors such as response to reward 10 , impulsivity 11 , mood 12, 13 , cognition 14 and decision-making 15 .
Genetic studies can be an interesting tool to investigate the neurobiological mechanisms that explain the co-morbidity between metabolic and psychiatric conditions. Genome-wide association studies (GWAS) provide the basis for novel, cumulative scores that reflect genetic predispositions 16 . The effect sizes from these studies can be used to estimate the genetic risk of the individual through polygenic risk scores (PRS), by multiplying the measured number of risk alleles at a locus by the effect size of the association between a particular genotype and the outcome, and summing over all single nucleotide polymorphisms (SNPs) at a certain significance threshold 17 . One problem of the GWAS and PRS methodology is that it identifies statistically significant associations between scattered SNPs and a certain condition or trait, completely ignoring the fact that genes operate in networks, and code for precise biological functions in specific tissues.
Our hypothesis was that variations in the functioning of the mesocorticolimbic insulin receptor gene network would be associated with differences in dopamine-related behavioral outcomes, namely impulsivity and risk for addiction. Although it is described an association between conventional polygenic risk scores (PRS) for ADHD and impulsivity problems in population-based samples of children 18 , theses scores do not provide information about the underlying network in which these genes operate, nor the neurobiology of the disease. We propose a novel genomics approach that provides a biologically-informed genetic score based on genes co-expressed with the insulin receptor in specific mesocorticolimbic regions to foster neurobiological analysis of behavioral phenotypes linked to psychopathology.
Methods

Samples
Main Cohort: We used data from the prospective Maternal Adversity, Vulnerability and Collaborative Genetic Study of Nicotine Dependence (COGEND). The SAGE dataset contains genotyping and clinical phenotypes related to substance dependence for adult subjects. To maximize consistency with the MAVAN cohort we only used a subset of subjects of caucasian ethnicity (n = 1627). We received access to the SAGE dataset based on the approval of our Data Access Request (DAR) by the NIH Data Access Committee. We agree with the stipulations of the Data Use Certification. 
Genotyping
ePRS-IR calculation (Figure 1):
The polygenic risk score based on genes co-expressed with the insulin receptor (ePRS-IR) was created using gene co-expression databases including 1) GeneNetwork (http://genenetwork.org), 2) BrainSpan (http://brainspan.org), 3) NCBI Variation Viewer (https://www.ncbi.nlm.nih.gov/variation/view/). These resources allowed us to identify genes co-expressed with the IR in the striatum and prefrontal cortex (PFC) regions in mice (GeneNetwork) and humans (BrainSpan), and to identify SNPs for these genes in humans (NCBI Variation Viewer). The PRS was constructed as follows: 1) we used GeneNetwork to generate co-expression matrix with IR in the i) ventral striatum, ii) PFC in mice (absolute value of the coexpression correlation r≥0.5) 28 , 2) we then used BrainSpan to identify consensus transcripts from this list with a child and fetal enrichment within the human brain. We selected autosomal transcripts differentially expressed in these brain regions at ≥ (Figure 1 ).
Other genetic scores:
We generated other PRSs using our accelerated pipeline Reflexive impulsivity measure in children: The Information Sampling Task (IST) from the CANTAB was designed to measure reflection impulsivity and decision making 35 . Rather than relying on speed-accuracy indices, IST measures reflection impulsivity by calculating the probability of the subject selecting the correct answer after making a decision based on the information sampled prior to making that decision. On each trial, children are presented with a 5×5 matrix of grey boxes on the computer screen, and two larger colored panels at the foot of the screen. They are told that it is a game for points, won by correctly choosing the color under the majority of the grey boxes. Touching a grey box immediately opens that box to reveal one of the two colors displayed at the bottom of the screen. Subjects could open boxes at their own will with no time limit before deciding between one of the two colors, indicating their decision by touching one of the two panels at the bottom of the screen. When they do, the remaining boxes are uncovered and a message is displayed to inform them whether or not they were correct. We particularly focused on the "fixed win" condition during IST, in which subjects are awarded 100 points for a correct decision regardless of the number of boxes opened (no penalties according to the number of boxes). The primary performance outcome measure was the mean probability of being correct at the point of decision (P Correct). P Correct is the probability that the color chosen by the subject at the point of decision would be correct, based only on the evidence available to the subject at the time (i.e., dependent on the amount of information they had sampled). There was a recent update in the mean P Correct formula, which was endorsed by the original authors of the measure 36, 37 , therefore in this study we calculated and used the new mean P Correct. We also excluded the trials where discrimination errors occurred since the presence of the inspection of the screeplot, the first three principal components were the most informative of population structure in this cohort and were included in all analysis. Linear regression analysis was performed to explore if the gender by ePRS-IR interaction was associated with the IST outcome, adjusting for population structure. In order to assess if there was a linear trend between ePRS-IR and the outcome, i.e mean P Correct derived from the IST, the ePRS-IR was categorized into quartiles. The main outcome measure was the mean P Correct derived from the IST during the fixed win condition (see above).
Replication Cohort: Statistical analysis of the potential confounders was performed using Spearman correlation. Similar to the analysis on MAVAN cohort, the ePRS-IR was categorized into quartile to assess if there was a linear trend between ePRS-IR and the outcome, i.e age of onset of substance dependence. The age of onset of dependency was categorized into "early", "mid" and "late" based on the distribution tertiles. The population structure of the SAGE cohort was evaluated using principal component analysis of all autosomal SNPs that passed the quality control, and these scores were provided in the SAGE data repository. Based on the inspection of the screeplot, the first three principal components were the most informative of population structure in this cohort and included in all subsequent analysis. Ethnic outliers (>6 standard deviations) were excluded from the analysis. Linear regression analysis was performed to explore if the gender by ePRS-IR interaction was associated with the age of onset of dependence, adjusting for the population structure and study source. Simple slopes were analyzed to test the significance of the association in males and females. The ratio of the probability of early onset to late onset dependence was computed. A value >1 describes a population with increased prevalence of early onset dependence compared to late onset dependence. Data were analyzed using the Statistical Package for the Social Sciences (SPSS) version 20.0 software (SPSS Inc., Chicago, IL, USA) and R. Significance levels for all measures were set at α <= 0.05.
Results
Baseline comparisons
In both the MAVAN and SAGE datasets, major potential confounders did not vary according to ePRS-IR, or were used as co-variates in the main analysis (Table 1) (Figure 2A ). We next examined whether a conventional PRSs for ADHD of comparable size in terms of SNP number would also predict impulsivity in these children. As shown in Table 2 , using two different GWAS's for ADHD 31,33 , we found no association between the conventional PRS and reflection impulsivity on the CANTAB in this sample. Considering the clinical overlap between impulsive phenotypes and risk for addiction 44 , we also created a conventional PRS for tobacco smoking, but this was also not associated with reflection impulsivity on the IST task. Finally, to demonstrate that the results of the ePRS-IR analysis are not merely due to the presence of random genes that are differentially expressed in the PFC/striatum of prenatal and childhood developmental stages, but are instead dependent on selecting a biologically relevant network, we computed a PRS based on a random selection of genes differentially expressed in the PFC/striatum of neonates and children. This random PRS did not interact with gender to predict mean P Correct values in the MAVAN cohort (Table 2) .
Relationship between ePRS-IR and age of addiction onset -SAGE cohort
We then hypothesized that a high ePRS-IR, associated with childhood impulsivity in boys as shown above, would predict early age of addiction onset. We used data from the SAGE repository to validate the above interaction between sex and ePRS-IR in an independent cohort.
The analysis revealed a significant interaction between the ePRS-IR score and gender 
ePRS-IR gene network analysis
We compared the list of 184 genes included in the ePRS-IR with (1) a random selection of 184 genes differently expressed in the PFC in fetal/childhood phases and (2) the top 184 genes associated with the most significant SNPs from the ADHD GWAS( Figure 3A ). The number of interactions between the genes that comprise the ePRS-IR is significantly higher than the control random list or the genes form the ADHD GWAS (p<0.05, Figure 3B ). Enrichment analysis of the SNPs comprising ePRS-IR using Metacore® (Thomson Reuters) showed statistically significant enrichment for pathways involved in cell cycle regulation (FDR q = 3.91e-3). Two process networks were highly significant: translation initiation (FDR q = 2.37e-23) and elongation termination (FDR q = 1.81e-17).
Discussion
We showed that a biologically-informed polygenic risk score based on genes coexpressed with the IR in mesocorticolimbic regions is more strongly associated with impulsivity in boys and the risk for early onset of substance dependence in men from an independent cohort than is the conventional PRS for either ADHD or addiction. The sex-specificity of our findings was expected, given the increased prevalence of ADHD and behavioral alterations associated with this condition (such as impulsivity) in boys compared to girls 45, 46 .
Our network analysis shows that the ePRS-IR represents a cohesive gene network with significantly more connections than the list of genes extracted from the GWAS for ADHD, or a random list of developmentally relevant genes. This robust approach therefore goes beyond describing associations between single gene variants and the outcomes, but captures information about the whole gene network, and its function, in specific brain regions.
Conduct disorder and impulsivity are the foremost risk traits for alcohol use disorder among the 80 personality disorder criteria of DSM-IV 47 . There is a relationship between childhood ADHD and the risk for developing drug addiction later in life 48 , especially considering the impulsivity component, rather than inattention 49 , in agreement to the findings described here. Insulin function is associated with the risk for drug addiction 50 . Diminished insulin sensitivity is related to less endogenous dopamine at D2/3 receptors in the ventral striatum 51 , reinforcing the idea that metabolic processes are involved in dysfunctions of the mesocorticolimbic system, such as drug dependence. The cell cycle regulation process enriched in our ePRS-IR is consistent with findings showing that insulin is involved in proliferation of many cell types, and activates several cell-cycle regulators.
Our genomic approach integrates information from molecular neurobiology with GWAS technology to develop a biologically-informed polygenic score based on gene co-expression data from specific brain regions. This approach creates a novel genomic measure to identify genetic vulnerability for childhood behavioral phenotypes that predict later psychiatric conditions in community-based samples, highlighting possible targets for drug development. 
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